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EFFICIENTLY COUNTING TRIANGLES IN A
GRAPH

RELATED CASE

This case 1s related to U.S. application Ser. No. 14/139,
2377, filed Dec. 23, 2013 entitled “FINDING COMMON
NEIGHBORS BETWEEN TWO NODES IN A GRAPH”
and 1s 1ncorporated herein by reference as 1f fully disclosed
herein.

FIELD OF THE DISCLOSUR.

(L]

The present disclosure relates to i1dentilying common
neighbors between two nodes and counting triangles 1n a
graph.

BACKGROUND

Counting triangles 1n a graph has increasingly become an
important task that is used in many domains. A single triangle
in a graph indicates that three nodes 1n the graph are related to
cach other. For example, A 1s connected to B and C and B 1s
also connected to C.

Knowing the number of triangles in a graph by itself 1s
useiul 1n some applications. However, an accurate under-
standing of the number of triangles 1n a graph serves as a
building block for other graph analysis or graph mining tasks.
For example, given the number of triangles 1n a graph, one can
discover the clustering coellicient of a graph, which coetli-
cient 1s a measure of the “community-ness” of the graph. The
clustering coellicient 1s calculated by dividing the number of
closed triangles by the sum of the number of closed triangles
and the number of open triangles. A *“closed triangle™ 1s one
where all three nodes are related to each other (e.g., A 1s
connected to B and C and B and C are also connected to each
other) while an “open triangle™ 1s one where two nodes are
connected to another node but not to each other (e.g., A 1s
connected to B and C, but B and C are not connected to each
other).

However, the actual computation time for counting (or
estimating) the number of triangles 1n a graph 1s very large
when 1mplemented in conventional systems. For example,
one implementation involves over 1,000 instances of Hadoop
nodes and requires more than six hours to computer the num-
ber of triangles 1n a particular Twitter graph. Such hardware
requirements and latency 1s unacceptable.

The approaches described 1n this section are approaches
that could be pursued, but not necessarily approaches that
have been previously concetved or pursued. Therefore, unless
otherwise 1indicated, it should not be assumed that any of the
approaches described i this section qualify as prior art
merely by virtue of their inclusion 1n this section.

BRIEF DESCRIPTION OF THE DRAWINGS

In the drawings:

FIG. 1 1s a block diagram that depicts two arrays for rep-
resenting a graph, 1n an embodiment;

FIG. 2 1s a block diagram that depicts two example neigh-
bor lists;

FI1G. 3 1s a flow diagram that depicts a linear search process
for identifying common neighbors given two neighbor lists,
in an embodiment;

FIG. 4 1s a block diagram that depicts example neighbor
lists:
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FIGS. 5A-5B are tlow diagrams that depict a binary split-
ting process for identifying common neighbors, mm an
embodiment;

FIG. 6 1s a flow diagram that depicts a hybrid search pro-
cess, 1n an embodiment;

FIG. 7 1s a block diagram that depicts an example neighbor
list and 1ts corresponding segmenting index, in an embodi-
ment,

FIG. 8A 1s a flow diagram that depicts a process for creat-
ing a segmenting index, in an embodiment;

FIG. 8B 1s a flow diagram that depicts a process for using,
a segmenting index when searching for common neighbors,
in an embodiment;

FIG. 9 1s a flow diagram that depicts a process for optimiz-
ing code at compile time, 1n an embodiment;

FIG. 10 1s a block diagram that illustrates a computer
system upon which an embodiment of the invention may be
implemented.

DETAILED DESCRIPTION

In the following description, for the purposes of explana-
tion, numerous specific details are set forth 1n order to provide
a thorough understanding of the present invention. It will be
apparent, however, that the present mvention may be prac-
ticed without these specific details. In other instances, well-
known structures and devices are shown in block diagram
form 1n order to avoid unnecessarily obscuring the present
invention.

(eneral Overview

Techniques are provided for identifying common neigh-
bors between two nodes 1n a graph of nodes. In one technique,
a binary splitting process 1s followed given two neighbor lists.
A binary splitting process involves 1dentily a neighbor 1n a
first neighbor list, performing a (e.g., binary) search for the
neighbor in a second neighbor list, and then splitting both
neighbor lists and performing the process again, but on
smaller neighbor lists. In another technique, a segmenting,
index 1s created for a first neighbor list. Then, for each neigh-
bor 1n the second neighbor list, the segmenting index 1s used
to determine whether the neighbor 1s also found 1n the first
neighbor list.

Techniques are also provided for counting triangles 1n a
graph. In one technique, before any common neighbors are
identified, the neighbor lists of each node 1n the graph are
pruned to remove neighbors whose values are less than the
value of the corresponding node. In a related technique, the
neighbor lists are first ordered based on degree such that the
larger neighbor lists are organized separately from the shorter
neighbor lists. Then the neighbor lists are pruned to remove
neighbors whose values are less than the value of the corre-
sponding node. In this way, the larger neighbor lists are
reduced 1n size considerably. In one technique, code that,
when executed, implements a triangle counting technique, 1s
first analyzed by a compiler to determine whether a portion of
the code matches a certain pattern and, 11 so, 1s modified to
remove a neighborhood checking predicate. The neighbor-
hood check 1s instead “pushed 1nto” (or implemented 1n) a
common neighbor identification function (or code) that 1s
inserted 1nto the analyzed code.

As noted previously, knowing a number of triangles 1n a
graph has numerous applications. In addition to calculating a
clustering coetlicient, other graph metrics that require know-
ing the number of triangles include a transitivity ratio and a
local clustering coetlicient.
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Example applications once a number of triangles 1s deter-
mined (or approximated) include thematic structure analysis,
spamming activity analysis, and information brokerage 1den-
tification.

Graph

Nodes 1n a graph may represent one of many different types
of objects while edges that connect two nodes 1n the graph
may represent one of many different types of relationships
between the objects. Embodiments are not limited to any
particular type of object or type of relationship.

For example, nodes in a graph may represent user accounts
maintained by a social network that 1s provided by a social
network provider, such as Facebook, Google+, LinkedIn, and
Twitter. An edge 1n such a graph may represent that the two
connecting nodes have established a relationship with each
other or that one of the connecting nodes has decided to
“follow” the other node (as 1n Twitter).

As another example, nodes 1 a graph may represent a
network, such as the Internet, and edges in the graph may
represent that computing devices are physically coupled to
cach other.

When a graph 1s stored in memory (whether volatile or
non-volatile or both), the names of each node may be con-
verted to a different value. For example, 11 a node represents
auseraccount (e.g., “johnsmith1986”") maintained by a social
network provider, then the user identifier that 1dentifies that
user account for the social network provider may be mapped
to another value, such as 2032, indicating that the user
account 1s at least one of 2032 (or 2033) user accounts 1n the
graph. Thus, while a process that implements techniques
described herein for counting common neighbors or counting
triangles may operate on integer values, such values may be
later mapped back to the original value that 1dentifies a real-
world object, such as an email address, IP address, MAC
address, or social network account identifier.

System Overview

Embodiments described herein may be implemented on a
single computing device or multiple computing devices. For
example, a single computing device may have enough
memory to store graph data that indicates multiple nodes and
their respective edges and to perform determinations, such as,
given two sets ol edges, determining which nodes are found 1n
both sets.

As another example, multiple computing devices may be
networked to allow different computing devices to analyze
different portions of a graph. For example, computing device
A analyzes the edges (or neighbors) of nodes 1-100 while
computing device B analyzes the edges (or neighbors) of
nodes 101-200.

Graph Representation

A graph may be represented in any number of ways.
Embodiments are not limited to any particular representation.
FIG. 11s a block diagram that depicts two arrays: anode array
110 and a neighbor array 120, 1n an embodiment. Each entry
in node array 110 corresponds to a different node 1n a graph
and 1ncludes a value (e.g., an index, a reference, or a pointer)
that 1s used to i1dentily an entry 1n neighbor array 120. For
example, 11 a user of a social networking service has 1029
friends (or registered contacts) and a node in node array 110
corresponds to that user, then neighbor array 120 would
include 1029 entries, one for each “triend” of the user.
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The “pointed-to” entry in neighbor array 120 that 1s
“pointed to” by a “pointing” entry in node array 110 indicates
that the node represented by the “pointed-to” entry 1s a
“neighbor” of the node represented by the “pointing™ entry.
For example, entry 112 in node array 110 may include an
index value (e.g., ‘1) that corresponds to entry 122 1n neigh-
bor array 120. Thus, with respect to entry 122, entry 112 1s a
“pomting” entry. Entry 112 1s the second position 1n node
array 110. If each node 1n a graph (that comprises N nodes) 1s
given a unique value from 0 to N-1, then entry 112 corre-
sponds to node ‘1° which can be used to index into node array
110 at the second position. Entry 122 includes the value “5°,
indicating that it can be used to index 1nto node array 110 at
the sixth position.

The neighbors of a particular node 1indicated in node array
110 may be determined based on (1) the “pointed-to™ entry (1n
neighbor array 120) that the “pointing” node indicates (or
references) and (2) the entry (in neighbor array 120) that the
node subsequent to the “pointing” node 1n node array 110
indicates (or references). For example, entry 112 indicates (or
references) entry 122 in neighbor array 120. Entry 114 indi-
cates (or references) entry 130. All entries between entry 122
and entry 130 (including entry 122 and excluding entry 130)
are neighbors of entry 112. Thus, the neighbors of the node
indicated by entry 112 are nodes 3, 10, 108, and 987.

The set of neighbors that are indicated 1n neighbor array
120 and that correspond to a particular node in node array 110
1s referred to herein as the “neighbor list” of the particular
node. Each neighbor list 1s indicated by a contiguous set of
entries 1 neighbor array 120.

In an embodiment, each neighbor list in neighbor array 120
1s sorted by node value. If each neighbor list in neighbor array
120 1s not sorted initially, then each neighbor list may be
ordered before common neighbors are identified or belore
triangles are counted.

In a related embodiment, an entry in node array 110
includes two values that are used to 1dentity neighbors of the
entry. For example, entry 112 may include the values °1” and
‘4’. The neighbor list of entry 112 may then be determined as
the nodes between (and including) the second entry and the
fifth entry 1n neighbor array 120.

Finding Common Neighbors

A “common neighbor” of two nodes 1s a node that 1s
connected to both nodes. For example, 1n a graph, ifnode A 1s
connected to nodes C, D, and F and node B 1s connected to
nodes D and G, then a common neighbor of nodes A and B 1s
node D because node D 1s a neighbor of both node A and node
B.

Given the node and neighbor representations 1n FIG. 1, two
neighbor lists are 1dentified using the values included in the
entries that correspond to two nodes. Once the two neighbor
lists are identified, common neighbors may be determined
based on the two neighbor lists 1n one of multiple ways, some
of which are described as follows.

Finding Common Neighbors
Linear Searching

In an embodiment, given two sets of neighbor nodes, com-
mon neighbors are 1dentified 1 a linear fashion. FIG. 2 15 a
block diagram that depicts two example neighbor lists: neigh-
bor list 210 and neighbor list 220.

FIG. 3 1s a flow diagram that depicts a linear search process
300 for identitying common neighbors given two neighbor
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lists, 1n an embodiment. Process 300 1s described using the
example neighbor lists of FIG. 2. Process 300 may be imple-
mented using two pointers or index values that mitially refer,
respectively, to the first entries for neighbor lists 210 and 220.
Alternatively, the pointers (or index values) for neighbor lists
210 and 220 may refer to the last entries in the respective
neighbor lists. Thus, while process 300 1s described using the
former (first-to-last) scenario, process 300 may be performed
using the latter (last-to-first) scenario.

At block 310, the values of the “pointed to” entries are
compared to determine whether the values match. If so, then
process 300 proceeds to block 320. Else, process 300 pro-
ceeds to block 330. For example, 1nitially, 0’ 1s compared to
‘1°. Because ‘0’ does not equal ‘17, process 300 would pro-
ceed to block 330. As another example, 1f the pointed to
entries are the fifth entry 1n neighbor list 210 and the fourth
entry in neighbor list 220, then process 300 would proceed to
block 320 because ‘38’ equals ‘38,

At block 320, the node that corresponds to the value 1s
identified as a common neighbor and the pointers of both
neighbor lists are incremented by one. Process 300 then pro-
ceeds to block 340. For example, 1f ‘38’ 1s compared to *38’,
then ‘38 may be identified as a common neighbor. Addition-
ally or alternatively, a counter (that keeps track of the number
of tnnangles counted so far for a graph) may be incremented.

At block 330, (when 1t 1s determined that the values do not
match) the pointer that points to the lower value advances, for
example, to the next entry in the corresponding neighbor list.
For example, given neighbor lists 210 and 220, 1t 1s mnitially
determined that ‘0’ and ‘1° do not match and the pointer for
neighbor list 210 advances to the next entry 1n neighbor list
210. As another example, 11 the pointers for neighbor lists 210
and 220 are pointing at the third position in the respective
lists, then the pointer for neighbor list 220 advances to the
next entry imnneighbor list 220 (because ‘23 1s less than °257).

Alternatively, at block 330, 1f process 300 1s performed
using the last-to-first scenario, then (when 1t 1s determined
that the values do not match) the pointer that points to the
larger value advances to the next entry 1n the corresponding
neighbor list. For example, 11 the pointer for neighbor list 210
points to the entry with value ‘96’ and the pointer for neighbor
l1st 220 points to the entry with value 90’ then the pointer for

neighbor list 210 advances to the next entry 1n neighbor list
210 (because ‘96’ 1s greater than “907).

After block 330 is performed, process 300 proceeds to
block 340.

At block 340, 1t 1s determined whether at least one pointer
that has been advanced (whether as a result of block 320 or
block 330) 1s no longer pointing to an entry in its correspond-
ing neighbor list. A positive determination indicates that all
the entries 1n at least one of the neighbor lists have been
considered and no additional entries are candidates for further
consideration. If not, then process 300 proceeds to block 310.
In other words, there 1s still at least one entry 1n each neighbor
lists to process. Otherwise, 11 at least one advanced pointer 1s
no longer pointing to an entry in 1ts corresponding neighbor
list, then process 300 may end with respect to neighbor lists
210 and 220. For example, after comparing the values of the
last entries 1 neighbor lists 210 and 220, the pointer for
neighbor list 210 advances; but after doing so, the pointer no
longer points to any entry in neighbor list 210.

Finding Common Neighbors
Binary Splitting
In an embodiment, common neighbors are 1dentified using,

a binary splitting approach. FIG. 4 1s a block diagram that
depicts example neighbor lists 410 and 420.
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FIGS. 5A-5B are tlow diagrams that depict a binary split-
ting process 500 for identifying common neighbors, 1in an
embodiment. Process 500 1s a recursive process that is
invoked multiple times based on subsets of the original neigh-
bor lists. For example, process 500 may be iitiated by a
function call (e.g., “bmarySplitCommonNeighborSearch
(List x, List y)”’) that takes, as input, two neighbor lists. The
neighbor lists of FIG. 4 are used to describe multiple 1tera-
tions of process 500.

At block 510, a “middle” entry in one of two neighbor lists
1s 1dentified. Such an entry may be 1dentified by dividing the
s1ze of the neighbor list by two and using the result to index
into the neighbor list. The neighbor list from which the
middle entry 1s 1dentified may be selected 1n any number of
ways. For example, the neighbor list may be selected at ran-
dom or the neighbor list that 1s larger between the two neigh-
bor lists 1s selected. If one of the two neighbor lists has only
a single entry, then that neighbor list may be selected even
though the other neighbor list 1s longer.

Initially, the neighbor lists are complete neighbor lists of
two different nodes. However, for subsequent invocations of
process 500, the neighbor lists are strict (or proper) subsets of
the corresponding complete neighbor lists. For example, a
subsequent performance of block 510 may be with respect to
neighbor list 415 (which 1s a subset of neighbor list 410) and
neighbor list 425 (which 1s a subset of neighbor list 420).

At block 520, a search 1s performed in the other neighbor
list to determine whether an entry 1n the other neighbor list
includes the value of the middle entry identified 1n block 510.
IT so, process 520 proceeds to block 530. Else process 500
proceeds to block 570.

The search in block 520 may be a linear search (described
above with respect to FIG. 3) or a binary search. A binary
search may be performed in one of multiple ways. For
example, after entry 422 1s 1dentified in neighbor list 420 1n
block 510, entry 412 1s 1dentified 1n neighbor list 410 because
entry 412 1s considered a “middle” entry in neighbor list 410.
For example, size of neighbor list 410 (12)+2=6 (position 1n
neighbor list 410). If the node value of entry 422 1s greater
than the node value of entry 412, then the node value of entry
422 1s compared to the node value of an entry “in the middle
of” neighbor list 415, such as node value ‘93°. If the node
value of entry 422 1s less than the node value of that “new”
middle entry, then the node value of entry 422 1s compared to
the node value of an entry that 1s between entry 412 and that
middle entry (such as the entry with node value “73”). The
process repeats until a match 1s found or 1t 1s determined that
neighbor list 410 does not contain a matching entry.

In an embodiment, during a binary search, instead of first
checking a middle entry in a neighbor list, another entry 1n the
neighbor list 1s selected based on the node value that is being
search for 1n the neighbor list. For example, if the searched-
for node value 1s close to one of the endpoints of the range of
node values 1n the to-be-searched neighbor list (or subset
thereol), then a linear or semi-linear (e.g., skipping two or
three entries at a time) search may be performed. For
example, i searched-for node value 1s *13” and the range of
values of a neighbor list1s 12-28, then a search for node value
‘13’ begins with the first (or second) entry 1n the neighbor list.

At block 530, 1f there 1s a match determined 1n block 520,
then the node value 1s 1dentified as a common neighbor. For
example, the node value 1s stored for later user and/or a global
count variable 1s incremented indicating that a common
neighbor has been found. Both entries are removed from
future consideration of the respective neighbor lists.

At block 540, it 1s determined whether the entry 1dentified
in block 520 is the first or last entry in the neighbor list. If so,
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then process 300 proceeds to block 550, where 1t 1s deter-
mined whether one or more entries from the other neighbor

list may be removed. I so, then process 500 proceeds to block
560, where one or more entries are removed from consider-
ation. Otherwise, process 300 proceeds to block 580.

If the determination 1n block 540 1s true, then 1t 1s likely that
one or more entries may be removed from consideration. For
example, 11: (1) the neighbor lists in consideration are neigh-
bor lists 415 and 425, (2) 1t 1s determined that “735” 1s found 1n
both neighbor lists, and (3) “75 1s the first entry 1n neighbor
list 415, then the entries that precede the °75° entry 1n neigh-
bor list 425 may be removed since it 1s impossible that any of
those entries may be found in neighbor list 415. Specifically,
the entries that include *31” and 52’ are removed from con-
sideration.

At block 5§70, the middle entry (1dentified 1n block 510) 1s
removed from consideration.

At block 380, each neighbor list 1s split into two neighbor
lists. For example, after determining that *50° 1s not found 1n
neighbor list 410, neighbor list 410 1s split into neighbor lists
415 and 419 ({or example, based on where a matching entry
would have been 11 such a matching entry existed in neighbor
list 410) and neighbor list 420 1s split into neighbor lists 4235
and 429.

As another example, 1 the neighbor lists are 419 and 429,
then neighbor list 419 1s split into neighbor lists 431 and 433
and neighbor list 429 1s split into neighbor lists 435 and 437.
Process 500 1s then performed with respect to neighbor lists

431 and 435 and 1s performed with respect to neighbor lists
433 and 437.

Finding Common Neighbors
Hybrid Search

In an embodiment, a linear search process and a binary
splitting search process are both used to identily common
neighbors (1 any) among two neighbor lists. Such an
approach for identifying common neighbors 1s referred to
herein as a “hybrid search.” One implementation of a hybrid
search may mnvolve beginning with a binary splitting search
and then switching to a linear search after certain criteria are
met, such as the size of the neighbor lists, which may or may
not be a subset of original neighbor lists.

FIG. 6 1s a flow diagram that depicts a hybrid search pro-
cess 600, 1n an embodiment. Process 600 may be performed
betfore two neighbor lists are analyzed for common neighbors
or after at least a portion of two neighbor lists have been
analyzed for common neighbors. For example, process 600
may be performed after one common neighbor has been
found using a binary splitting search approach.

At block 610, the size of each neighbor list 1s determined.
The s1ze” of a neighbor list refers to the number of nodes
indicated 1n the neighbor list.

Atblock 620, 1t 1s determined whether the larger of the two
neighbor lists 1s less than a particular threshold, such as
10,000 neighbors. If so, then, at block 630, a linear search 1s
performed. In other words, 11 both neighbor lists are relatively
small, then performing a linear search 1s likely to require less
processing power (e.g., 1 terms of memory and/or CPU
cycles) than performing a binary splitting search, where there
may be a performance penalty as a result of recursion. Else,
process 600 proceeds to block 640.

Atblock 640, it 1s determined whether the larger of the two
neighbor lists 1s significantly larger than the smaller of the
two neighbor lists. For example, 11 the size of the larger of the
two neighbor lists (INul) 1s more than three times larger than
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the size of the smaller of the two neighbor lists ([Nvl), then Nu
1s considered significantly larger than Nv.

I1 the determination at block 640 1s positive, then, at block
650, a binary splitting process 1s performed. If block 650 1s
performed, then the neighbor lists are larger than the particu-
lar threshold and differ significantly in size. When two neigh-
bor lists differ 1n size to a certain degree, then, due to the
relatively smaller size of the neighbor list, a binary splitting
search allows a significant number of nodes from the larger
neighbor list to be removed and never be considered.

If the determination at block 640 1s negative, then process
600 proceeds to block 630 where a linear search 1s performed.
If block 630 1s performed after block 640, then the neighbor
lists are larger than the particular threshold and are similar 1n
s1ze. IT neighbor lists are similar 1n size, then 1t 1s likely that a
binary splitting search may not remove a significant number
of nodes from consideration and the overhead of implement-
ing a recursive approach may be greater than any computa-
tional savings from doing binary searches.

Finding Common Neighbors

Segmenting Approach

In an embodiment, common neighbors are identified by
creating a segmenting index for one of two neighbor lists and
searching for a particular node indicated 1n the other neighbor
list using the segmenting index. A segmenting index 1s data
structure that logically partitions the value range of a neigh-
bor list by a certain factor, referred to herein as the “delta
tactor.”

FIG. 7 1s a block diagram that depicts an example neighbor
list 710 and its corresponding segmenting index 720, i an
embodiment.

FIG. 8A 1s a flow diagram that depicts a process 800 for
creating a segmenting index, such as segmenting index 720,
in an embodiment.

At block 810, 1t 1s determined whether a segmenting index
has already been created for one of the two neighbor lists that
are part of a common neighbor determination. If not, then
process 800 proceeds to block 815. Otherwise, process 800
proceeds to block 812, where the already-created segmenting
index 1s used to determine common neighbors (for example,
using process 850 1n FIG. 8B, described below).

If a segmenting index has been created for both neighbor
lists that are in question, then block 812 may involve selecting
one of the two segmenting indexes based on one or more
selection criteria. An example selection criterion 1s which
neighbor list 1s larger. For example, 1f neighbor list A 1s larger
than neighbor list B, then the segmenting index for neighbor
list A 1s used 1nstead of the segmenting index for neighbor list
B. Another example selection criterion 1s which segmenting
index 1s more “dense.” The “density” of a segmenting index
refers to the ratio of the number of nodes 1n a neighbor list to
the number of entries in the corresponding segmenting index.
The higher the ratio, the higher the “density” of the segment-
ing index.

Alternatively, if a segmenting index has been created for
both neighbor lists, then, mstead of using either segmenting
index, a binary split and linear scan 1s performed.

At block 8135, it 1s determined whether a segmenting index
1s to be created. Such a determination may be based on mul-
tiple factors. For example, a segmenting index 1s created for
the larger of two neighbor lists only 11 the larger neighbor list
1s greater than a first threshold size, such as 40,000 entries. If
both neighbor lists are considered “large” or are roughly
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equal 1n size, then a linear or bimnary search may be used
instead of creating a segmenting index.

In a related example, a segmenting index 1s created only 1t
the smaller neighbor list 1s greater than a second threshold
s1ze, such as ten. For example, 11 there 1s only one entry 1n the
smaller neighbor list, then 1t may be more efficient to just
perform a linear search or a binary search of the larger neigh-
bor list, even 11 the larger neighbor list 1s significantly greater
than the first threshold size.

A segmenting index 1s different 1n multiple ways from a
hash table that 1s used when performing a hash join of two
relations or tables. While both may be approaches to find
common values in two sets of values, a hash join 1mvolves
creating a hash table based on column values of the smaller of
the two relations and then probing the hash table base on
column values from the larger table. A segmenting index does
not involve generating hash values and may be generated on
the larger of two neighbor lists. Also, a segmenting mndex
preserves and leverages the order 1n the neighbor lists while a
hash table does not preserve order.

At block 820, 11 1t 1s determined that a segmenting index
should be created, a delta factor 1s determined. The delta
factor indicates a range of values 1n the to-be-segmented
neighbor list that 1s to be represented by each entry (or at least
a majority ol entries) 1n the segmenting index. The delta
factor may be pre-defined (or “hard-coded™) or may be vari-
able based on one or more factors, such as the size of the larger
neighbor list, the size of the smaller neighbor list, and/or the
range ol values 1n the larger neighbor list. For example, the
larger the to-be-segmented neighbor list, the larger the delta
factor. As another example, the smaller the other neighbor
list, the larger the delta factor. In the example of FIG. 7, the
delta factor 1s 25.

Atblock 830, the segmenting index 1s created based on the
delta factor and the largest value indicated in the neighbor list.
For example, 11 the largest value in neighbor l1st 710 15 10,532
and the delta factor 1s 25, then 422 entries in the segmenting
index are created. Each entry in mapped to a different value
range. For example, the first entry maps to value range 0-24,
the second entry maps to value range 25-49, eftc.

At block 840, the neighbor list of the segmented index 1s
scanned to map 1ndex entries to entries 1n the neighbor list.
For each entry 1n the neighbor list, 1t 1s determined to which
value range the value indicated in the entry belongs. For
example, 1n FIG. 7, 1t 1s determined that ‘0’ 1s 1n the value
range 0-24 and, thus, the first index entry in segmenting index
720 1s mapped to (or 1s caused to reference or point to) the first
entry (1.e., entry 712) ofneighbor list 710. The value indicated
in the second entry (i.e., entry 714) in neighbor l1st 710 1s then
compared to the value range of the first index entry (1.e., entry
722). Because ‘18’ 1s within value range 0-24, segmenting
index 720 1s not updated. The value indicated 1n the third entry
(1.e., entry 716) 1n neighbor list 710 1s compared to the value
range of the first index entry. Because ‘25’ 1s not within value
range 0-24, ‘25’ 1s compared to the value range that corre-
sponds to the next entry (1.e., entry 724) 1n segmenting index
720. Because ‘25’ 1s within value range 25-49, entry 724 1s
updated to point to (or reference) entry 716. This process
continues until all the entries 1n neighbor list 710 are ana-
lyzed.

FIG. 8B 15 a flow diagram that depicts a process 850 for
using a segmenting index, such as segmenting index 720,
when searching for common neighbors, 1n an embodiment.

At block 860, an entry 1n the non-segmented neighbor list
1s 1dentified. Initially, the entry may be the first entry in the
neighbor list or the last entry in the neighbor list. However, the
entries 1n the non-segmented neighbor list may be traversed in

5

10

15

20

25

30

35

40

45

50

55

60

65

10

any order. I the entries are traversed i ascending (or
descending) order, then optimization may be applied 1n the

searching block (880) where certain entries, 1n the non-seg-
menting neighbor list, may be removed from consideration
during the search block. For example, if two nodes (a first
node (e.g., °5”) and a second node (e.g., °11°)) 1n a non-
segmented neighbor list map to the same entry in segmenting,
index, and the first node (*5”) 1s smaller than the second node
(‘117), then any nodes 1n the segmented neighbor list that are
less than the first node (*5”) are removed from consideration
because 1t 1s known that the second node (*11°) 1s larger than
the first node (*5”) and 1t 1s not possible for the second node
(‘11°) to match any node that 1s smaller than the first node
(°57).

At block 870, the value indicated by the 1dentified entry 1s
mapped to one of the multiple value ranges of the index
entries of the segmenting index. For example, 11 the value 1s
‘31” and the delta factor 1s 25 (as 1 FIG. 7), then the appro-
priate entry in the segmenting index 1s identified by dividing
the value by the delta factor and decreasing the result to the
next whole number 11 the result 1s not a whole number 1tself.
In this example, 31+25=1.24, which 1s then reduced to 1.

At block 880, the corresponding entry of the segmenting
index 1s 1dentified and used to identily a set of entries in the
segmented neighbor list. The value 1s searched for within the
set of entries of the neighbor list. The search may be a linear
search or a binary search. If the value 1s found 1n the set of
entries, then that value 1s identified as a common neighbor and
a global count variable may be incremented. Also, the entry
may be removed from the segmented neighbor list so that that
entry 1s not considered again during process 850.

At block 890, 1t 1s determined whether there any more
entries 1n the non-segmented neighbor list to process. It so,
then process 850 proceeds to block 860. Else, process 830
may end.

Finding Common Neighbors
Pruning

In an embodiment, one or more entries from one or both
neighbor lists may be removed (or “pruned”) before perform-
ing a search of one of the neighbor lists based on each of the
one or more removed entries. The removal of entries 1s based
on the value of the nodes whose neighbor lists are being

compared. For example, neighbor list A of node ‘8’ includes
0,12,25,27,38, 40, and 75 while neighbor list B of node 30’

includes 1, 7, 12, 38, 45, 50, and 51. The greater of the two
nodes 1s 1dentified. In this example, node ‘30’ 1s 1dentified.
This value 1s set as a minimum value and 1s used to 1dentily
one or more entries 1 each of neighbor lists A and B. Because
the first four entries in neighbor list A are less than 30, neigh-
bor list A 1s pruned to remove those four entries and, as a
result, includes only 38, 40, and 75. Similarly, because the
first three entries 1n neighbor list B are less than 30, neighbor
list B 1s pruned to remove those four entries and, as a result,
now 1ncludes only 38, 45, 50, and 51.

After pruning of one or two neighbor lists 1s performed, any
of the foregoing approaches may be used to identity common
neighbors 1n the two neighbor lists, such a linear search, a
binary splitting search, or a segmenting index search.

A reason why such pruning may be performed 1s because a
common neighbor may have already been determined previ-
ously. Given neighbor lists (A and B) for node ‘8 and node
‘30 above, both lists include node “12°. In a neighbor list for
node ‘12°, node ‘30° (which 1s also a neighbor of node *8”)
would also be 1dentified. When the neighbor lists of node 8’
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and node ‘12’ are analyzed for common neighbors, node 30’
will be 1dentified, which 1dentification may occur before or
alter neighbor lists A and B are analyzed for common neigh-
bors. Thus, node 12’ does not have to be included 1n e1ther of
neighbor lists A and B when determining common neighbors

for nodes ‘8 and ‘30°.

Finding Common Neighbors
Compiler Optimization

In an embodiment, a compiler 1s configured to analyze
application code to 1dentify graph-related patterns within the
application and determine whether other code may be
iserted 1nto the application code. The application code may
be written 1n a high-level programming language, such as
C++ or Java, or 1n a Domain Specific Language (DSL), such
as Green-Marl, Gremlin, or Scala.

An example of a graph-related pattern that the compiler
identifies 1s one that 1terates through each neighbor of a par-
ticular node and, for each neighbor, a conditional statement
appears. For example, the application code may be the fol-
lowing;:

Foreach (X: Y.Nbrs){
// any number of statements

h

If such a graph-related pattern 1s 1dentified, then the com-
piler determines 11 the node whose neighbors are 1terated over
(1.e., °Y’ 1n the above example) 1s defined as a neighbor of
another node, such as ‘Z’. Node ‘7 should not be modified
between the definition of Y and the graph-related pattern
identified above. For example, a portion of the application
code for node ‘7’ may be “Y: Z.Nbrs”.

If all of the above two checks/determinations are true, then
the graph-related pattern 1dentified 1n the application code 1s
transformed. For example, the example of application code
above may be transformed 1into:

Foreach (X: CommonNbrs(Y, Z)){
// any number of statements

h

where “CommonNbrs™ 1s a function that efficiently identifies
common neighbors given two neighbor lists as mput. The
function may implement a segmenting index approach, a
binary splitting approach, a linear search approach, or any
combination of the three approaches. For example, for one set
of neighbor lists that are analyzed for common neighbors, a
segmenting mdex may be created, while for another set of
neighbor lists, a binary splitting approach 1s used to identify
common neighbors in that set of neighbor lists.

Counting Triangles

A triangle 1s a set of three distinct nodes where each node
in the set 1s connected to each of the other nodes 1n the set. For
example, A 1s connected to B and C and B 1s connected to C.
Theretfore, A, B, and C form a triangle. As noted previously,
determining the number of triangles 1n a graph 1s useful 1n a
number of real-world applications.

A naive way to count triangles 1n a graph G 1s represented
with the following pseudo code:
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Int T =0;
Foreach(u: G.Nodes) // look at each node 1n graph G
Foreach (v:u.Nbrs) (v>u) // consider the neighbor (v) of each node u
Foreach (w: u.Nbrs) (w>u) // consider a different neighbor (w) of each
node u
If (v.isNeighbor(w)) /* check if the two neighbors of node u are
neighbors of each other */

T++; // 1f so, increase the count of triangles
Return T;

Such an approach takes an 1nordinate amount of time and
computing resources. The following approaches significantly
reduce the time and computing resources required to deter-
mine a number of triangles 1n a graph.

Counting Triangles
Pruning

As noted above, counting triangles mvolves identifying
Zero or more common neighbors for multiple pairs of nodes.
In an embodiment, counting the number of triangles involves
pruning one or more entries from one or both neighbor lists of
two nodes prior to 1dentifying any common neighbors. Such
pruning may be performed regardless of how the common
neighbors are identified, such as whether a linear search 1s
used, a binary splitting approach 1s used, or a segmenting
index 1s used.

For example, each neighbor list of two nodes 1s 1dentified
and analyzed to identily zero or more node values that are less
than the greater of the node values of the two nodes. For
example, 11 node ‘23’ has a neighbor list o1 4, 9, 17, 34, 103
and node *78” has a neighbor list of 34, 67, 89, and 161, then
the neighbor list of node 23’ 1s pruned to only include 103
(since the other values are less than 78) and the neighbor list
of node ‘78’ 1s pruned to only include 89 and 161 (since the
other values are less than 78).

In an embodiment, pruning is performed 1n two stages. In
the first stage, before any common neighbors are identified,
the neighbor list of each node 1s analyzed to identify zero or
more neighbors whose node values are less than the node
value of the node. A node may have anode value that is greater
than the node values of all nodes 1n the node’s neighbor list.
In that case, the entire neighbor list may be deleted. On the
other hand, a node may have a node value that is less than the
node values of all nodes 1n the node’s neighbor list. In that
case, no node value 1s removed from the node’s neighbor list

In the second stage, when two neighbor lists are identified
and are about to be compared to 1dentity common neighbors,
the neighbor list of the lower node value 1s analyzed to 1den-
tily zero or more neighbors whose node values are less than
the node value of the higher node value. For example, given
the two example neighbor lists above (1.e., node ‘23’ having a
neighbor list of 4, 9, 17, 34, 103 and node 78" having a
neighbor list of 34, 67, 89, and 161), after the first stage, the
respective neighbor lists would be 34 and 103 for node °23°
and 89 and 161 for node °78’°. During the second stage, the
pruned neighbor list of node ‘23’ 1s analyzed and additionally
pruned to only include a single 1item: 103 (since 34 1s less than

78).

Counting Triangles
Sorting and Pruning

In an embodiment, prior to finding common neighbors of
pairs of nodes, the nodes 1n a node array, such as node array
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110, are ordered based on their respective “degree.” The
“degree of anode” refers to the number of neighbors or edges
that the node has 1n a graph. Thus, for example, a node that has
only three neighbors has a degree of three.

Sorting nodes 1 a graph may also 1involve renaming the
nodes. For example, prior to sorting, the node with the largest
degree 1s 1dentified as node *10°. After sorting, that node 1s
renamed to node ‘21,647,894 where, for example, there are
21,647,895 nodes 1n a graph. If the original node i1dentifiers
(for example, IP addresses, email addresses, user account
identifiers) are needed, then the mapping of node values to
their respective original node identifiers may be updated to
reflected the new node values.

After sorting the nodes based on degree, the neighbor list of
cach node 1s analyzed to determine whether to prune one or
more entries of the neighbor list. The removal 1s based on the
value of the node relative to the values indicated in the neigh-
bor list of that node. Specifically, if a node value 1n a neighbor
l1st 1s less than the node value that corresponds to the neighbor
list, then that node value indicated in the neighbor list 1s
removed. Thus, later, when common neighbors are deter-
mined for two sets of neighbor lists, those neighbor lists may
be significantly reduced.

An effect of sorting and pruning 1s that the neighbor lists of
high degree nodes are significantly reduced. For example, the
neighbor list of the node with the largest degree 1s removed
entirely, since there are no nodes that have an 1dentifier (or
value) that 1s larger than the node value of the node with the
largest degree.

Counting Triangles
Compiler Optimization

As noted previously, a compiler may be configured to
analyze application code to i1dentily graph-related patterns
within the application and determine whether other code may
be mserted into the application code.

FIG. 9 1s a flow diagram that depicts a process 900 for
optimizing code at compile time, in an embodiment. Process
900 1s implemented by a compiler of a high-level program-
ming language, such as C++ or Java, or of a Domain Specific
Language (DSL).

At block 910, a graph-related pattern that (1) involves
iterating through each neighbor of a particular node and (2)
includes a conditional statement for each neighbor 1s 1denti-
fied 1n code. For example, the code may match the following
graph-related pattern:

Foreach (X: Y.Nbrs){
If (boolean_expression) {
// any number of statements

;
h

If such a graph-related pattern 1s identified in the code, then
process 900 proceeds to block 920.

At block 920, 1t 1s determined whether the node whose
neighbors are 1terated over (1.¢., Y " 1n the above example) 1s
defined as a neighbor of another node, such as *Z”. Node ‘7’
should not be modified between the definition of Y and the
graph-related pattern identified above. For example, a portion
of the application code fornode ‘72’ may be “Y: Z.Nbrs”. If the
node whose neighbors are 1terated over 1s defined as a neigh-
bor of another node, then process 900 proceeds to block 930.
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At block 930, the Boolean expression in the identified
graph-related pattern 1s analyzed and reconstructed, 11 neces-
sary, mnto a product-of-sum form. For example, “boolean_ex-
pression’” 1s reconstructed as “(sub_expressionl) && (sub-
_expression2) && .. .7

Atblock 940, 1t 1s determined whether the Boolean expres-
s1on (or at least one of the reconstructed sub-expressions, 11
any) 1s equivalent to one of the following predicates: “X 1s a
neighbor of Y™ or “Y 1s a neighbor of X.” If so, then process
900 proceeds to block 950.

At block 950, (1.e., after all of the above checks/determi-

nations are true), the graph-related pattern 1dentified in the
code 1s transformed. For example, the example code above
may be transformed 1nto:

Foreach (X: CommonNbrs of (Y,Z)){
If (boolean_expression2) {
// any number of statements

h
h

where “boolean_expression2 1s a sum-of-product form of the
original “boolean_expression” but without the neighborhood
checking predicate that corresponds to “X 1s a neighbor of Y
or “Y 1s a neighbor of X.” In a related embodiment, the
original “boolean_expression” 1s removed entirely and no
other Boolean expression replaces that original expression.

This may be the case 1f “boolean_expression” only indicates
that “X 1s a neighbor o1 Y” or “Y 1s a neighbor of X.”

Hardware Overview

According to one embodiment, the techniques described
herein are implemented by one or more special-purpose com-
puting devices. The special-purpose computing devices may
be hard-wired to perform the techniques, or may include
digital electronic devices such as one or more application-
specific integrated circuits (ASICs) or field programmable
gate arrays (FPGAs) that are persistently programmed to
perform the techniques, or may include one or more general
purpose hardware processors programmed to perform the
techniques pursuant to program instructions in firmware,
memory, other storage, or a combination. Such special-pur-
pose computing devices may also combine custom hard-
wired logic, ASICs, or FPGAs with custom programming to
accomplish the techniques. The special-purpose computing
devices may be desktop computer systems, portable com-
puter systems, handheld devices, networking devices or any
other device that incorporates hard-wired and/or program
logic to implement the techniques.

For example, FIG. 10 1s a block diagram that 1llustrates a
computer system 1000 upon which an embodiment of the
invention may be implemented. Computer system 1000
includes a bus 1002 or other communication mechanism for
communicating information, and a hardware processor 1004
coupled with bus 1002 for processing information. Hardware
processor 1004 may be, for example, a general purpose
MmICroprocessor.

Computer system 1000 also includes a main memory 1006,
such as a random access memory (RAM) or other dynamic
storage device, coupled to bus 1002 for storing information
and 1instructions to be executed by processor 1004. Main
memory 1006 also may be used for storing temporary vari-
ables or other intermediate information during execution of
instructions to be executed by processor 1004. Such nstruc-
tions, when stored 1n non-transitory storage media accessible
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to processor 1004, render computer system 1000 into a spe-
cial-purpose machine that 1s customized to perform the
operations specified 1n the mstructions.

Computer system 1000 further includes a read only
memory (ROM) 1008 or other static storage device coupled to
bus 1002 for storing static information and instructions for
processor 1004. A storage device 1010, such as a magnetic
disk or optical disk, 1s provided and coupled to bus 1002 for
storing information and nstructions.

Computer system 1000 may be coupled via bus 1002 to a
display 1012, such as a cathode ray tube (CRT), for displaying
information to a computer user. An input device 1014, includ-
ing alphanumeric and other keys, 1s coupled to bus 1002 for
communicating information and command selections to pro-
cessor 1004. Another type of user input device 1s cursor
control 1016, such as a mouse, a trackball, or cursor direction
keys for communicating direction information and command
selections to processor 1004 and for controlling cursor move-
ment on display 1012. This mput device typically has two
degrees of freedom 1n two axes, a {irst axis (e.g., X) and a
second axis (e.g., v), that allows the device to specily posi-
tions 1n a plane.

Computer system 1000 may implement the techniques
described herein using customized hard-wired logic, one or
more ASICs or FPGAs, firmware and/or program logic which
in combination with the computer system causes or programs
computer system 1000 to be a special-purpose machine.
According to one embodiment, the techniques herein are
performed by computer system 1000 1n response to processor
1004 executing one or more sequences of one or more instruc-
tions contained 1n main memory 1006. Such instructions may
be read mto main memory 1006 from another storage
medium, such as storage device 1010. Execution of the
sequences of instructions contained 1 main memory 1006
causes processor 1004 to perform the process steps described
herein. In alternative embodiments, hard-wired circuitry may
be used 1n place of or 1n combination with soitware nstruc-
tions.

The term “storage media” as used herein refers to any
non-transitory media that store data and/or instructions that
cause a machine to operation 1 a specific fashion. Such
storage media may comprise non-volatile media and/or vola-
tile media. Non-volatile media includes, for example, optical
or magnetic disks, such as storage device 1010. Volatile
media includes dynamic memory, such as main memory
1006. Common forms of storage media include, for example,
a floppy disk, a flexible disk, hard disk, solid state drive,
magnetic tape, or any other magnetic data storage medium, a
CD-ROM, any other optical data storage medium, any physi-

cal medium with patterns of holes, a RAM, a PROM, and
EPROM, a FLASH-EPROM, NVRAM, any other memory
chip or cartridge.

Storage media 1s distinct from but may be used 1n conjunc-
tion with transmission media. Transmission media partici-
pates 1n transierring information between storage media. For
example, transmission media includes coaxial cables, copper
wire and fiber optics, including the wires that comprise bus
1002. Transmission media can also take the form of acoustic
or light waves, such as those generated during radio-wave and
infra-red data communications.

Various forms of media may be involved 1n carrying one or
more sequences ol one or more instructions to processor 1004
for execution. For example, the instructions may initially be
carried on a magnetic disk or solid state drive of a remote
computer. The remote computer can load the instructions into
its dynamic memory and send the mnstructions over a tele-
phone line using a modem. A modem local to computer
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system 1000 can receive the data on the telephone line and use
an infra-red transmitter to convert the data to an infra-red
signal. Aninfra-red detector canreceive the data carried in the
inira-red signal and appropriate circuitry can place the data
on bus 1002. Bus 1002 carries the data to main memory 1006,
from which processor 1004 retrieves and executes the mstruc-
tions. The 1nstructions received by main memory 1006 may
optionally be stored on storage device 1010 either before or
alter execution by processor 1004.

Computer system 1000 also includes a communication
interface 1018 coupled to bus 1002. Communication inter-
face 1018 provides a two-way data communication coupling
to a network link 1020 that 1s connected to a local network
1022. For example, communication interface 1018 may be an
integrated services digital network (ISDN) card, cable
modem, satellite modem, or a modem to provide a data com-
munication connection to a corresponding type of telephone
line. As another example, communication interface 1018 may
be a local area network (LAN) card to provide a data com-
munication connection to a compatible LAN. Wireless links
may also be implemented. In any such implementation, com-
munication interface 1018 sends and receives electrical, elec-
tromagnetic or optical signals that carry digital data streams
representing various types of information.

Network link 1020 typically provides data communication
through one or more networks to other data devices. For
example, network link 1020 may provide a connection
through local network 1022 to a host computer 1024 or to data
equipment operated by an Internet Service Provider (ISP)
1026. ISP 1026 in turn provides data communication services
through the world wide packet data communication network
now commonly referred to as the “Internet” 1028. Local
network 1022 and Internet 1028 both use electrical, electro-
magnetic or optical signals that carry digital data streams. The
signals through the various networks and the signals on net-
work link 1020 and through communication interface 1018,
which carry the digital data to and from computer system
1000, are example forms of transmission media.

Computer system 1000 can send messages and receive
data, including program code, through the network(s), net-
work link 1020 and communication interface 1018. In the
Internet example, a server 1030 might transmit a requested
code for an application program through Internet 1028, ISP
1026, local network 1022 and communication interface 1018.

The recerved code may be executed by processor 1004 as it
1s recerved, and/or stored in storage device 1010, or other
non-volatile storage for later execution.

In the foregoing specification, embodiments of the mven-
tion have been described with reference to numerous specific
details that may vary from implementation to implementa-
tion. The specification and drawings are, accordingly, to be
regarded 1n an illustrative rather than a restrictive sense. The
sole and exclusive imndicator of the scope of the invention, and
what 1s mtended by the applicants to be the scope of the
invention, 1s the literal and equivalent scope of the set of
claims that 1ssue from this application, 1n the specific form 1n
which such claims 1ssue, including any subsequent correc-
tion.

What 1s claimed 1s:

1. A method for counting a number of triangles 1n a graph
that comprises a plurality of nodes, the method comprising:

for each node in the plurality of nodes, determining a

degree of said each node;

based on the degree of each node of the plurality of nodes,

ordering each neighbor list in a set of neighbor lists
relative to other neighbor lists 1n the set of neighbor lists,
wherein each neighbor list in the set of neighbor lists
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corresponds to a different node of the plurality of nodes
and comprises a set of neighbors of said different node 1in
the graph;

after ordering the set of neighbor lists, for each neighbor

list in a subset of the set of neighbor lists, removing one
or more neighbors from said each neighbor list based on
a comparison ol a value of a node that corresponds to
said each neighbor list and one or more values of the one
or more neighbors;

after removing the one or more neighbors, determining the

number of triangles in the graph;

wherein the method 1s performed by one or more comput-

ing devices.

2. The method of claim 1, wherein removing the one or
more neighbors comprises removing the one or more neigh-
bors that have node values that are less than a node value of
the node that corresponds to said each neighbor list.

3. The method of claim 1, further comprising;

removing, from a second neighbor list 1n the set of neigh-

bor lists, one or more neighbors that have node values
that are less than a node value of a node that does not
correspond to the second neighbor list.
4. The method of claim 1, wherein removing the one or
more neighbors 1s performed before comparing any two
neighbor lists 1n the set of neighbor lists to 1dentity common
neighbors among the two neighbor lists.
5. A method comprising;
making a first determination that a set of instructions,
within code, satisfies a first pattern that involves 1terating
through neighbors of a particular node 1n a graph;

making a second determination that the particular node 1s
defined, within the code, as a neighbor of a second node;

making a third determination that a Boolean expression,
within the set of instructions, 1s equivalent to a predicate
that indicates that the particular node 1s a neighbor of a
third node or that the third node 1s a neighbor of the
particular node;

based on the first determination, the second determination,

and the third determination, modifying the set of instruc-
tions;

wherein the method 1s performed by one or more comput-

ing devices.
6. The method of claim 5, wherein modilying comprises
replacing at least a portion of the set of instructions with
reference to a common neighbor function.
7. The method of claim 5, wherein moditying comprises
replacing the Boolean expression with a second Boolean
expression that 1s different than the Boolean expression.
8. The method of claim 3, further comprising;
determining that the set of instructions includes a particular
Boolean expression;

reconstructing the particular Boolean expression mnto a
plurality of subexpressions, wherein the Boolean
expression 1s one of the plurality of subexpressions.

9. The method of claim 8, wherein moditying the set of
instructions comprises replacing the Boolean expression with
a second Boolean expression that 1s 1n a sum-of-product form.

10. A method comprising:

identifying, within a set of 1nstructions, a particular vari-

able that corresponds to a node that represents, 1n a
graph, a common neighbor of (1) a first node that 1s
represented by a first variable 1n the set of nstructions
and (2) a second node that is represented by a second
variable 1n the set of instructions:

identifying, within the set of instructions, a condition that

indicates whether the particular variable 1s greater than
either the first variable or the second variable;
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removing the condition from the set of mstructions;

wherein the method 1s performed by one or more comput-

ing devices.

11. The method of claim 10, wherein the set of instructions
include 1nstructions to count a number of triangles 1n the
graph.

12. The method of claim 10, further comprising:

adding, to the set of instructions, an mstruction that, when

searching for common neighbors of the first node and
the second node, restricts the searching to nodes that are
no smaller than one of the first node or the second node.

13. The method of claim 12, further comprising:

inserting, into the set of mstructions, a second 1nstruction

that, when executed, causes a list of nodes to be sorted
based on a degree of each node in the list of nodes
relative to the degree of each other node 1n the list of
nodes.

14. One or more non-transitory computer-readable media
carrying instructions for counting a number of triangles 1n a
graph that comprises a plurality oI nodes, wherein the imstruc-
tions, when executed by one or more processors, cause:

for each node in the plurality of nodes, determining a

degree of said each node;

based on the degree of each node of the plurality of nodes,

ordering each neighbor list in a set of neighbor lists
relative to other neighbor lists in the set of neighbor lists,
wherein each neighbor list in the set of neighbor lists
corresponds to a different node of the plurality of nodes
and comprises a set ol neighbors of said different node 1n
the graph;

alter ordering the set of neighbor lists, for each neighbor

list in a subset of the set of neighbor lists, removing one
or more neighbors from said each neighbor list based on
a comparison ol a value of a node that corresponds to
said each neighbor list and one or more values of the one
or more neighbors;

alter removing the one or more neighbors, determining the

number of triangles in the graph.

15. The one or more non-transitory computer-readable
media of claim 14, wherein removing the one or more neigh-
bors comprises removing the one or more neighbors that have
node values that are less than a node value of the node that
corresponds to said each neighbor list.

16. The one or more non-transitory computer-readable
media of claim 14, wherein the instructions, when executed
by the one or more processors, further cause:

removing, from a second neighbor list in the set of neigh-

bor lists, one or more neighbors that have node values
that are less than a node value of a node that does not
correspond to the second neighbor list.

17. The one or more non-transitory computer-readable
media of claim 14, wherein removing the one or more neigh-
bors 1s performed before comparing any two neighbor lists in
the set of neighbor lists to 1dentily common neighbors among
the two neighbor lists.

18. A system for counting a number of triangles 1n a graph
that comprises a plurality of nodes, the system comprising:

OnNe Or MOre Processors;

one or more computer-recadable media carrying instruc-

tions which, when executed by the one or more proces-

SOr's, cause:

for each node 1n the plurality of nodes, determinming a
degree of said each node;

based on the degree of each node of the plurality of
nodes, ordering each neighbor list in a set of neighbor
l1sts relative to other neighbor lists 1n the set of neigh-
bor lists, wherein each neighbor list 1n the set of
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neighbor lists corresponds to a different node of the
plurality of nodes and comprises a set of neighbors of
said different node 1n the graph;

alter ordering the set of neighbor lists, for each neighbor
l1st 1n a subset of the set of neighbor lists, removing 5
one or more neighbors from said each neighbor list
based on a comparison of a value of a node that
corresponds to said each neighbor list and one or more
values of the one or more neighbors;

alter removing the one or more neighbors, determining 10
the number of triangles 1n the graph.

19. The system of claim 18, wherein removing the one or
more neighbors comprises removing the one or more neigh-
bors that have node values that are less than a node value of
the node that corresponds to said each neighbor list. 15

20. The system of claim 18, wherein the instructions, when
executed by the one or more processors, further cause:

removing, from a second neighbor list 1n the set of neigh-

bor lists, one or more neighbors that have node values
that are less than a node value of a node that does not 20
correspond to the second neighbor list.
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It is certified that error appears in the above-identified patent and that said Letters Patent is hereby corrected as shown below:

Title Page

On page 2, column 1, under Other Publications, line 7, delete “accesed™ and insert -- accessed --,
therefor.

Specification

In column 8, line 1, delete “([Nv]),” and insert -- ((Nv

), --, therefor.
In column 10, line 30, delete “so that that” and insert -- so that --, therefor.
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